Abstract: Circulating brain-derived neurotrophic factor (BDNF) predicts survival rate in patients with coronary artery disease (CAD). We examined the relationship between BDNF and renalase before and after percutaneous coronary intervention (PCI) and the role of renalase in patients with CAD. Serum BDNF and renalase levels were determined using blood samples collected before and after PCI. Incident myocardial infarction, stroke, and mortality were followed up longitudinally. A total of 152 patients completed the assessment. BDNF levels were not significantly changed after PCI compared to baseline levels (24.7 ± 11.0 vs. 23.5 ± 8.3 ng/mL, p = 0.175), although renalase levels were significantly reduced (47.5 ± 17.3 vs. 35.9 ± 11.3 ng/mL, p < 0.001). BDNF level before PCI was an independent predictor of reduction in renalase (95% confidence interval (CI): −1.371 to −0.319). During a median 4.1 years of follow-up, patients with serum renalase levels of ≥35 ng/mL had a higher risk of myocardial infarction, stroke, and death than those with renalase of <35 ng/mL (hazard ratio = 5.636, 95% CI: 1.444-21.998). In conclusion, our results show that serum BDNF levels before PCI were inversely correlated with the percentage change in renalase levels after PCI. Nevertheless, post-PCI renalase level was a strong predictor for myocardial infarction, stroke, and death.
Introduction
Coronary artery disease (CAD) is a leading cause of mortality, and CAD-related death has continued to increase over the last decade [1] . Furthermore, CAD is associated with disorders of the central nervous system, including cognitive impairment and depression [2] [3] [4] [5] . Cognitive impairment and depression have been reported to predict cardiovascular mortality in patients with established CAD [6, 7] . Hence, psychological assessments are important in patients with CAD. However, objective assessments, including magnetic resonance imaging of the brain, may not fully explain the cognitive decline in patients with CAD [8] .
Brain-derived neurotrophic factor (BDNF), a member of the neurotrophin family, is involved in neural development and plays a protective role in central nervous system disorders [9, 10] . A low serum BDNF concentration is associated with inflammation and CAD [11, 12] . In patients with established CAD, a low serum BDNF concentration is associated with cognitive dysfunction and depressive
Methods
The protocol was explained to the subjects on admission, and the candidates were screened for study inclusion only after written consent was provided. After screening, blood samples were collected from the patients prior to angiography. After the fasting glucose levels and PCI results were reviewed, eligible patients were scheduled for an outpatient follow-up appointment, during which blood samples were collected. Overnight fasting blood samples of all enrolled subjects were collected for the measurement of glucose, lipid profile, creatinine, renalase, and BDNF concentrations.
During the follow-up period after PCI, we collected data on the first episodes of myocardial infarction, stroke, and death from the medical records of all enrolled patients. We arranged a phone contact for all enrolled living patients between January 2018 and March 2018. We recorded the first episodes of myocardial infarction, stroke, or death, which were confirmed by patients or their family.
Glucose levels were determined using the oxidase-peroxidase method (Wako Diagnostics, Tokyo, Japan). Creatinine and lipid concentrations were determined using commercial kits (Beckman Coulter, Fullerton, CA, USA). The serum renalase concentration was determined using an enzyme-linked immunosorbent assay (ELISA) kit (Wuhan USCN Business Co., Wuhan, China). The intra-and interassay coefficients of variation (CV) for renalase were 10.0% and 12.0%, respectively. The analytical sensitivity for renalase was 1.31 ng/mL. Serum human BDNF levels were determined using an ELISA kit (R&D Systems, Minneapolis, MN, USA). The intra-assay CV for BDNF was 4.1%, and the interassay CV for BDNF was 9.0%. The sensitivity for BDNF was <0.02 ng/mL. The estimated glomerular filtration rate (eGFR) was calculated based on the Modification of Diet in Renal Disease equation as follows: 186 × (serum creatinine (mg/dL)) −1.154 × (age (years)) −0.203 (× 0.742, if female) [27] .
The percentage occlusion and location of coronary artery lesions were assessed using the angiography viewing workstation via software for quantitative analysis (Philips Inturis Suite, R2.2, Philips Medical Systems, Eindhoven, The Netherlands).
Statistical Analysis
All continuous data are presented as mean ± standard deviation (SD), and categorical data are presented as absolute numbers (with percentages). The duration between angiography and outpatient visit was presented as median (interquartile range), and the Mann-Whitney test was used to evaluate the differences in follow-up duration between groups. The change in each continuous variable is presented as mean with 95% confidence interval (CI), and a paired t-test was used to evaluate the differences within a group prior to and after PCI. The McNemar test was used to evaluate the differences in categorical values prior to and after PCI. An independent sample t-test was used to evaluate the statistical differences in continuous variables between two groups. Linear regression analyses were used to assess the relationship between percentage change in serum renalase levels and the baseline associated factors. The correlation between two variables was assessed by calculating Pearson's correlation coefficient (r).
During follow-up, the composite endpoint of myocardial infarction, stroke, and all-cause mortality served as the primary outcome. The significance of univariate analysis for the composite endpoint was determined by the log-rank test using Kaplan-Meier analysis. Cox proportional hazards regression analyses were conducted to determine the hazard ratios of high serum renalase to composite endpoint. Statistical analysis was performed using SPSS version 22.0 software (IBM, New York, NY, USA).
Results

Assessments before and after PCI
A total of 152 nondiabetic patients undergoing PCI for CAD during the hospitalization period completed the assessments during the subsequent outpatient visit (Figure 1 ). The median duration between PCI and the outpatient visit was 9 days (interquartile range, 8-15 days). Table 1 shows the clinical characteristics of the patients before and after PCI. After PCI, the body mass index (BMI) (from 26.8 ± 4.0 to 26.5 ± 3.9 kg/m 2 ) and diastolic blood pressure (from 78 ± 14 to 75 ± 10 mmHg) were significantly reduced (p < 0.001 and p = 0.005, respectively), and high-density lipoprotein (HDL) cholesterol levels were significantly increased (from 1.0 ± 0.3 to 1.2 ± 0.2 mmol/L, p < 0.001). After PCI, the proportions of subjects using angiotensin-converting enzyme (ACE) inhibitor/angiotensin II receptor blocker (ARB), β-blocker, antiplatelet agents, and statins were significantly increased. It is notable that the serum BDNF levels were not significantly different after PCI (from 24.7 ± 11.0 to 23.5 ± 8.3 ng/mL, p = 0.175), whereas the eGFR (from 84.3 ± 22.5 to 77.0 ± 20.4 mL/min/1.73 m 2 ) and serum renalase levels (from 47.5 ± 17.3 to 35.9 ± 11.3 ng/mL) were significantly decreased after PCI (p < 0.001 for both). Although the BMI, diastolic blood pressure, HDL cholesterol levels, and eGFR changed significantly after PCI, these alterations were not significantly correlated with the change in the serum renalase levels after PCI ( Table 2 ). To assess the effects of follow-up duration on change in serum renalase levels after PCI, all patients were divided into two groups based on the median duration between the PCI and outpatient visit. The change in serum renalase levels was significantly decreased after PCI in patients who underwent outpatient assessment within nine days after PCI (from 48.2 ± 18.1 to 35.3 ± 12.0 ng/mL, p < 0.001) as well as those who underwent outpatient assessment more than nine days after PCI (from 46.6 ± 16.3 to 36.6 ± 10.3 ng/mL, p < 0.001). The change in serum renalase levels did not significantly differ between patients followed within nine days of PCI and those followed more than nine days after PCI (−12.9 ± 17.8 vs. −10.0 ± 14.9 ng/mL, p = 0.292; Figure 2 ). To assess the effects of follow-up duration on change in serum renalase levels after PCI, all patients were divided into two groups based on the median duration between the PCI and outpatient visit. The change in serum renalase levels was significantly decreased after PCI in patients who underwent outpatient assessment within nine days after PCI (from 48.2 ± 18.1 to 35.3 ± 12.0 ng/mL, p < 0.001) as well as those who underwent outpatient assessment more than nine days after PCI (from 46.6 ± 16.3 to 36.6 ± 10.3 ng/mL, p < 0.001). The change in serum renalase levels did not significantly differ between patients followed within nine days of PCI and those followed more than nine days after PCI (−12.9 ± 17.8 vs. −10.0 ± 14.9 ng/mL, p = 0.292; Figure 2 ). To assess the effects of the associated factors at baseline on the change in serum renalase levels after PCI, all patients were assigned to either the renalase reduction group or reference group, according to the median percentage change in serum renalase levels (22%). The median duration between PCI and outpatient visit was not significantly different between the renalase reduction group and the reference group (p = 0.615). Higher baseline serum BDNF levels were observed in patients with serum renalase reduction ≥22%, as compared to the other patients (27.0 ± 10.1 vs. 22.4 ± 11.3 ng/mL, p = 0.009; Table 3 ). Figure 3 shows that the percentage change in serum renalase levels was inversely correlated with the baseline serum BDNF levels (r = −0.243, p = 0.003). To assess the effects of the associated factors at baseline on the change in serum renalase levels after PCI, all patients were assigned to either the renalase reduction group or reference group, according to the median percentage change in serum renalase levels (22%). The median duration between PCI and outpatient visit was not significantly different between the renalase reduction group and the reference group (p = 0.615). Higher baseline serum BDNF levels were observed in patients with serum renalase reduction ≥22%, as compared to the other patients (27.0 ± 10.1 vs. 22.4 ± 11.3 ng/mL, p = 0.009; Table 3 ). Figure 3 shows that the percentage change in serum renalase levels was inversely correlated with the baseline serum BDNF levels (r = −0.243, p = 0.003). BDNF = brain-derived neurotrophic factor, BMI = body mass index, BP = blood pressure, CI = confidence interval, eGFR = estimated glomerular filtration rate, HDL = high-density lipoprotein, SD = standard deviation * denotes p-values for differences in baseline data between the two groups # denotes p-values for differences in the change before and after PCI between the two groups. On univariate regression analysis, the use of anti-hypertensive drugs, antiplatelet drugs, or statins was not associated with the percentage reduction in serum renalase levels. Only baseline serum BDNF levels were significantly associated with percentage reduction in serum renalase levels (linear regression coefficient = −0.736, 95% CI: −1.209 to −0.263, p = 0.003). On multivariate linear regression analysis, baseline serum BDNF was still independently associated with percentage reduction in serum renalase (linear regression coefficient = −0.845, 95% CI: −1.371 to −0.319, p = 0.002) after adjusting for age, gender, smoking, BMI, systolic blood pressure, eGFR, fasting glucose levels, and lipid levels ( Table 4) . On univariate regression analysis, the use of anti-hypertensive drugs, antiplatelet drugs, or statins was not associated with the percentage reduction in serum renalase levels. Only baseline serum BDNF levels were significantly associated with percentage reduction in serum renalase levels (linear regression coefficient = −0.736, 95% CI: −1.209 to −0.263, p = 0.003). On multivariate linear regression analysis, baseline serum BDNF was still independently associated with percentage reduction in serum renalase (linear regression coefficient = −0.845, 95% CI: −1.371 to −0.319, p = 0.002) after adjusting for age, gender, smoking, BMI, systolic blood pressure, eGFR, fasting glucose levels, and lipid levels ( Table 4) . # B = linear regression coefficient ACE = angiotensin-converting enzyme, ARB = angiotensin II receptor blocker, BDNF = brain-derived neurotrophic factor, BMI = body mass index, BP = blood pressure, CI = confidence interval, eGFR = estimated glomerular filtration rate, HDL = high-density lipoprotein.
Assessments for Longitudicnal Follow-Up
The median follow-up duration was 4.1 years. The data related to the composite endpoint were collected via phone contact for 139 patients, identifying five patients with a first event of myocardial infarction, four patients with a first event of stroke, and four patients who died without known myocardial infarction and stroke during follow-up (Figure 1) . To assess the effect of post-PCI serum renalase on composite endpoint, we divided all patients into two equal-sized categories based on serum renalase levels (median of 35 ng/mL). Figure 4 shows that composite endpoint was significantly different between higher renalase and lower renalase groups, as demonstrated by Kaplan-Meier analysis (log-rank test p = 0.019). Using multivariate Cox regression analysis, we found that patients with serum renalase ≥35 ng/mL had higher risk (hazard ratio = 5.636, 95% CI: 1.444-21.998; p = 0.013) for the composite endpoint compared to patients with serum renalase <35 ng/mL after adjustment for age, gender, statin treatment, number of coronary arteries with significant narrowing, total cholesterol, and eGFR (Table 5 ).
The median follow-up duration was 4.1 years. The data related to the composite endpoint were collected via phone contact for 139 patients, identifying five patients with a first event of myocardial infarction, four patients with a first event of stroke, and four patients who died without known myocardial infarction and stroke during follow-up (Figure 1) . To assess the effect of post-PCI serum renalase on composite endpoint, we divided all patients into two equal-sized categories based on serum renalase levels (median of 35 ng/mL). Figure 4 shows that composite endpoint was significantly different between higher renalase and lower renalase groups, as demonstrated by Kaplan-Meier analysis (log-rank test p = 0.019). Using multivariate Cox regression analysis, we found that patients with serum renalase ≥35 ng/mL had higher risk (hazard ratio = 5.636, 95% CI: 1.444-21.998; p = 0.013) for the composite endpoint compared to patients with serum renalase <35 ng/mL after adjustment for age, gender, statin treatment, number of coronary arteries with significant narrowing, total cholesterol, and eGFR (Table 5 ). 
Discussion
In the present study, our main findings are that serum renalase levels were significantly reduced after PCI in patients with established CAD, although the serum BDNF levels did not 
In the present study, our main findings are that serum renalase levels were significantly reduced after PCI in patients with established CAD, although the serum BDNF levels did not significantly change. In addition, the pre-PCI serum BDNF levels were significantly associated with a reduction in serum renalase levels after PCI. In line with our findings before and after PCI, Wybraniec et al. [28] reported that urinary renalase levels were significantly decreased after PCI in patients with CAD.
Furthermore, we also observed that a low post-PCI serum renalase level could predict a lower risk for the composite endpoint including a first episode of myocardial infarction, stroke, and all-cause mortality. In line with our longitudinal follow-up findings for patients with established CAD, high baseline serum renalase levels were found to predict a high risk of all-cause mortality in patients with CKD in a prospective observational study [21] , although a low plasma renalase concentration was observed in patients with CAD in a cross-sectional study [29] .
Renalase was reported to have a protective effect on the kidney by preventing fibrosis following acute renal injury in rats after unilateral ureteral obstruction [30] and by reducing inflammation following ischemic acute renal injury in mice [31] . Zhao et al. [32] found that pretreatment with renalase prevented contrast-induced kidney injury in rats. However, high circulating renalase levels were also found to be associated with a decline in renal function in renal transplant recipients [33] . In the present study, eGFR was significantly decreased after PCI. However, the reduction in eGFR was not significantly associated with a change in the serum renalase levels.
In addition to being released from the kidney, renalase is also reportedly synthesized in the brain and plays a role in regulating monoamine neurotransmitter activity [34] . As BDNF can potentially increase dopamine levels in the central nervous system [35] , it is reasonable to hypothesize that BDNF is involved in the regulation of renalase production, and renalase inhibition may therefore be associated with a change in monoamine oxidase activities and catecholamine concentrations in both the brain and peripheral circulation of mice [36] . In the present study, serum BDNF levels before PCI were significantly correlated with the reduction in serum renalase levels after PCI. Our findings also demonstrated the potential inhibitory effect of BDNF on renalase in patients with established CAD.
It has been reported that a low serum BDNF level could predict the occurrence of cardiovascular events [15, 37] . Another important finding of the present study is that the serum BDNF levels did not significantly change before and after PCI in patients with established CAD. Therefore, serum BDNF could serve as a relatively stable marker for cardiovascular risk before and after PCI. We observed a reduction in serum renalase levels after PCI in patients with established CAD. The association between mortality risk and serum renalase levels has previously only been reported in patients with CKD [21] , and our longitudinal follow-up provides evidence for a relationship between serum renalase levels and risk of myocardial infarction, stroke, and all-cause mortality.
Nevertheless, the present study has certain limitations. First, we did not perform cognitive assessments. Serum BDNF has previously been reported to be significantly correlated with the mini-mental state examination score [13] . Although cognitive decline is observed after coronary angiography [38] , we did not observe a significant change in serum BDNF levels in the present study. Second, we did not assess the mechanism underlying the inhibitory effect of serum BDNF on renalase after PCI, and we did not assess the source from which renalase is released to the circulation after PCI. Third, different coronary BDNF expression had been reported between stable and unstable angina [39] . The present study findings could not be applied in patients with unstable angina or acute myocardial infarction because we only enrolled patients in stable condition for scheduled PCI. Fourth, we did not enroll healthy subjects as controls for comparing the serum renalase levels to those with established CAD. Finally, we could not control several potential biases for prognosis, such as type of stents during PCI or use of medications during follow-up, in this observational study.
Conclusions
In conclusion, serum renalase levels were significantly decreased after PCI, and the reduction in serum renalase was significantly correlated with the serum BDNF concentrations before PCI in patients with established CAD. Furthermore, a low serum renalase level could predict a lower risk for composite endpoint of myocardial infarction, stroke, and death. Further investigations of the mechanism between serum renalase and all-cause or cardiovascular mortality risk are needed in patients with established CAD.
